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EXPERIMENTAL INVESTIGATION OF AN ATTITUDE CONTROL SYSTEM 

THAT USES STAR TRACKERS AND INERTIA WHEELS 

Robert D .  Showman and Bruce H .  Dishman 

Ames Research Center 

Three methods o f  p rocess ing  s t a r  t r a c k e r  gimbal ang le  measurements t o  
d e r i v e  a t t i t u d e  c o n t r o l  s i g n a l s  f o r  a s a t e l l i t e  were s imulated with a c t u a l  
s p a c e c r a f t  type hardware. Each method i s  a s i m p l i f i c a t i o n  o f  t h e  exac t  kine
matic equat ions r e l a t i n g  t h e  s t a r  t r a c k e r  gimbal angle  r a t e s  t o  t h e  s a t e l l i t e  
angular  r a t e s .  The f i r s t  method, c a l l e d  t h e  i d e a l  p rocesso r ,  i s  a d i r e c t  
mechanization of t h e  f i r s t - o r d e r  approximation t o  t h e  exact  kinematic equa
t i o n s .  The o t h e r  two methods, c a l l e d  t h e  p a r t i a l  and cons t an t  p rocesso r s ,  a r e  
v a r i a t i o n s  of t h e  i d e a l  processor  t h a t  s i m p l i f y  t h e  mechanization. The ana l -

- - ~y s i s  i n  NASA~~~ TN D-4490 showed t h a t  a system t h a t  uses  any one of t h e  t h r e e  
p rocesso r s  i s  s t a b l e  f o r  small d e v i a t i o n s  about t h e  commanded a t t i t u d e .  

The a t t i t u d e  c o n t r o l  sys t em c o n s i s t e d  of an a i r - b e a r i n g  t a b l e  t o  s imula t e  
t h e  s a t e l l i t e ,  gimbaled s t a r  t r a c k e r s  f o r  a t t i t u d e  information,  mo to r - ine r t i a 
wheel combinations t o  change t h e  s a t e l l i t e ' s  a t t i t u d e ,  and s imulated s ta rs  as 
t a r g e t s  f o r  t h e  s t a r  t r a c k e r s .  An o n - l i n e  d i g i t a l  computer performs a s  a r e a l  
time c o n t r o l l e r  by convert ing t h e  s tar  t r a c k e r  gimbal angle  measurements i n t o  
a t t i t u d e  c o n t r o l  s i g n a l s .  

The r e s u l t s  of t h e  s imula t ion  showed t h a t  (1) with each processor  t h e  
system performed as p r e d i c t e d ;  ( 2 )  i n i t i a l  momentum could a f f e c t  t h e  t r a n s i e n t  
behavior;  (3) n o i s e ,  not  n e c e s s a r i l y  generated i n  t h e  p rocesso r ,  could 
decrease t h e  s t e a d y - s t a t e  p o i n t i n g  accuracy; (4 )  an e r r o r  i n  the  gimbal angle  
measurements caused t h e  equ i l ib r ium p o i n t  t o  va ry ;  t h a t  i s ,  t h e  system s t a b i 
l i z e d  but  not a t  t h e  d e s i r e d  i n e r t i a l  a t t i t u d e ;  (5) t h e  system using t h e  
p a r t i a l  processor  s t a b i l i z e d  t h e  t a b l e  f o r  r e o r i e n t a t i o n s  a s  l a r g e  as 55"; and 
(6) although t h e  s a t e l l i t e  cannot be s t a b i l i z e d  i n  t h e  r e s t r i c t e d  r eg ion  where 
the  a t t i t u d e  i s  undefined, t h e  system with t h e  p a r t i a l  p rocesso r  might 
maneuver t h e  s a t e l l i t e  through t h e  r eg ion .  

INTRODUCTION 

Three methods of  p rocess ing  s tar  t r a c k e r  gimbal ang le  measurements t o  
ob ta in  s a t e l l i t e  a t t i t u d e  c o n t r o l  s i g n a l s  were i n v e s t i g a t e d  i n  r e f e r e n c e  1. 
The methods were de r ived  by approximating t h e  exac t  kinematic  equat ions r e l a t 
ing  t h e  star t r a c k e r  gimbal ang le  r a t e s  t o  t h e  s a t e l l i t e  body r a t e s .  Each 
method had t o  be simple enough so t h a t  a computer would not  be r e q u i r e d  f o r  
t h e  mechanization. The t h r e e  methods were des igna ted  t h e  " i d e a l  ,I1 " p a r t i a l  , I '  

The i d e a l  p rocesso r  i s  a d i r e c t  mechanization ofand "constant" p rocesso r s ,  



t h e  f i r s t - o r d e r  terms o f  t h e  exac t  kinematic equa t ions .  The o t h e r  two a r e  
v a r i a t i o n s  of t h e  i d e a l  processor  t h a t  f u r t h e r  s i m p l i f y  t h e  mechanization. 
The a n a l y s i s  ( r e f .  1) used a s i m p l i f i e d  r e p r e s e n t a t i o n  f o r  both t h e  dynamics 
and kinematics t o  i n v e s t i g a t e  t h e  behavior o f  a system such as t h e  OAO with 
each p rocesso r .  The r e s u l t s  of t h i s  a n a l y s i s  showed t h a t  t h e  system would 
perform s a t i s f a c t o r i l y  i n  t h e  r eg ion  where t h e  approximations a r e  v a l i d .  

This  paper  p r e s e n t s  t h e  r e s u l t s  of a s imula t ion  with s p a c e c r a f t  type hard
ware of an a t t i t u d e  c o n t r o l  system us ing  each of t h e  p rocesso r s .  The purpose 
of t h e  i n v e s t i g a t i o n  i s  t o  determine t h e  e f f e c t  of t h e  approximations used i n  
t h e  a n a l y t i c  s tudy .  F i r s t ,  t h e  small  ang le  motion o f  t h e  system was i n v e s t i 
gated t o  determine t h e  e f f e c t  of s impl i fy ing  t h e  dynamics i n  t h e  a n a l y t i c  
s tudy:  Simulat ing t h e  small  angle  motion w i l l  confirm t h e  r e s u l t s  of t h e  
a n a l y t i c  s tudy.  Second, it was d e s i r e d  t o  i n v e s t i g a t e  t h e  l a r g e  angle  motion 
t o  determine t h e  e f f e c t  o f  s impl i fy ing  t h e  kinematics  i n  t h e  a n a l y t i c  s tudy .  
Simulating t h e  l a r g e  angle  motion w i l l  i n d i c a t e  t h e  magnitude of angular  r e o r i 
e n t a t i o n s  through which t h e  p a r t i a l  p rocesso r  can c o n t r o l  t h e  s a t e l l i t e .  

The Ames S a t e l l i t e  A t t i t u d e  Control Simulator (SACS) and a d i g i t a l  and 
an analog computer were used t o  s imulate  t h e  c o n t r o l  system ( f i g .  1 ) .  The 
SACS ( f i g .  2 )  i nc ludes  an a i r  bea r ing  t a b l e  t h a t  s imula t e s  t h e  s a t e l l i t e .  On 
i t  a r e  mounted two gimbaled s t a r  t r a c k e r s  f o r  p rov id ing  t h e  p o s i t i o n  informa
t i o n  and t h r e e  r e a c t i o n  wheels f o r  providing t h e  c o n t r o l  torques ( f i g .  3 ) .  
Simulated stars are a l s o  provided as t a r g e t s  f o r  t h e  s t a r  t r a c k e r s  ( f i g .  2 ) .  
S t a r  t r a c k e r  gimbal ang le  measurements from t h e  t a b l e  a r e  t r a n s m i t t e d  d i r e c t l y  
t o  a d i g i t a l  computer where each of t h e  p rocesso r  i s  mechanized ( f i g .  1 ) .  
Af t e r  t h e  gimbal ang le  measurements pass  through a p rocesso r ,  t h e  c o n t r o l  
s i g n a l s  from t h e  d i g i t a l  computer a r e  passed through a p a s s i v e  lead network 
mechanized on an analog computer. The s i g n a l s  from t h e  lead network a r e  
l imi t ed  be fo re  being r e t u r n e d  t o  t h e  SACS a s  e x c i t a t i o n  s i g n a l s  t o  t h e  r e a c t i o n  
wheels. (A more complete d e s c r i p t i o n  of t h e  SACS i s  given i n  t h e  appendix.) 

The f i r s t  s e c t i o n  of t h e  paper reviews t h e  d e r i v a t i o n  of t h e  a t t i t u d e  
con t ro l  s i g n a l s  from t h e  s t a r  t r a c k e r  gimbal ang le  measurements and d i scusses  
t h r e e  c h a r a c t e r i s t i c s  of t h e  p rocesso r s .  F i r s t ,  t h e  indeterminant cond i t ion  
t h a t  can r e s u l t  from using the  p rocesso r s  i s  reviewed. Second, t h e  e f f e c t  of 
an e r r o r  i n  measuring the  s t a r  t r a c k e r  gimbal ang le s  i s  i n v e s t i g a t e d .  Th i rd ,  
t he  e f f e c t  o f  m u l t i p l e  equi l ibr ium p o i n t s  on t h e  behavior of t h e  system f o r  
l a r g e  angle  motion i s  d i scussed .  The last  s e c t i o n  i s  devoted t o  t h e  r e s u l t s  of 
t h e  s imula t ion .  The small angle  and l a r g e  angle  r e s u l t s  are p resen ted  sepa
r a t e l y .  The small ang le  maneuvers considered a r e  l e s s  t han  o r  equal t o  5'. 
Both the  t r a n s i e n t  and s t e a d y - s t a t e  behavior of t h e  system us ing  each proces
s o r  a r e  examined. The l a r g e  angle  s e c t i o n  d i s c u s s e s  t h e  use of t he  p a r t i a l  
processor  t o  c o n t r o l  t h e  s a t e l l i t e  f o r  l a r g e  angle  r e o r i e n t a t i o n s .  The use of 
t he  p a r t i a l  p rocesso r  t o  c o n t r o l  t h e  s a t e l l i t e  nea r  and through t h e  r e s t r i c t e d  
region i s  a l s o  d i scussed .  
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ATTITUDE CONTROL SIGNALS OBTAINED FROM STAR TRACKERS 

The s t a r  t r a c k e r  provides  t h e  p o s i t i o n  information necessa ry  t o  c o n t r o l  
t h e  a t t i t u d e  of t h e  t a b l e .  The c o n t r o l  s i g n a l s  a r e  ob ta ined  by a p p r o p r i a t e l y  
processing t h e  gimbal ang le  measurements and are used t o  provide t h e  e x c i t a 
t i o n  f o r  t h e  r e a c t i o n  wheels. The p r e s e n t  s e c t i o n  reviews t h e  t h r e e  proces
s o r s  and t h e  indeterminant  cond i t ion  t h a t  can r e s u l t  from using them ( r e f .  1 ) .  
I n  a d d i t i o n ,  both t h e  effect  of e r r o r s  i n  measuring t h e  gimbal angles  and of 
m u l t i p l e  equ i l ib r ium p o i n t s  on t h e  behavior of t h e  system a r e  desc r ibed .  

The mounting arrangement of t h e  s tar  t r a c k e r s  with r e s p e c t  t o  t h e  c o n t r o l  
axes o f  t h e  t a b l e  f o r  t h i s  s tudy  ( l V  - r o l l ,  2v - p i t c h ,  3v - yaw) i s  shown 
i n  f i g u r e  4 .  The t r a c k e r s  are shown with t h e i r  gimbal ang le s  a t  n u l l .  The 
o u t e r  gimbal axes are l a b e l e d  1 ,  2 ,  and 3 with a s u p e r s c r i p t  i n d i c a t i n g  t h e  
t r a c k e r  number; t h u s ,  2 l  denotes  t h e  inne r  a x i s  of t r a c k e r  number 1. 

The p rocesso r s  were de r ived  i n  r e f e r e n c e  1 by approximating t h e  exac t  
kinematic r a t e  equat ions r e l a t i n g  t r a c k e r  gimbal ang le  r a t e s  t o  v e h i c l e  angu
l a r  r a t e s . l  These l i n e a r i z e d  equa t ions  r e l a t i n g  t h e  gimbal ang le  e r r o r s  t o  
t h e  s a t e l l i t e  a t t i t u d e  e r r o r s  a r e  

where 

The e r r o r  i n  t h e  t a b l e ' s  a t t i t u d e  can now be est imated from t h e  gimbal ang le  
measurements, i f  they a r e  independent,  by so lv ing  equat ion (1) .  The f i r s t  
p rocesso r ,  c a l l e d  t h e  i d e a l  p rocesso r ,  i s  de f ined  as t h e  f i r s t - o r d e r  approxi
mation r e l a t i n g  t h e  v e h i c l e  c o n t r o l  s i g n a l s  t o  t h e  gimbal angle  e r r o r s  and i s  
. .  -- ~- ~. . .  - ~~ 

lTracker  1 i n  t h i s  r e p o r t  corresponds t o  t r a c k e r  1 i n  t h e  r e fe rence .  The 
r a t e  equa t ions  f o r  t r a c k e r  2 i n  t h i s  r e p o r t  can be de r ived  i n  t h e  manner 
desc r ibed  i n  t h e  appendix o f  t h e  r e fe rence  by l e t t i n g  

0 -1-

P = [  1 0 

0 0
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where 

and 

f o r  t h e  i d e a l  p rocesso r  only.  Since t h e  o u t e r  gimbal axes of t h e  p a i r e d  
t r a c k e r s  are p a r a l l e l  and two i n n e r  and one o u t e r  gimbal e r r o r  i s  used,  equa
t i o n  ( 2 )  i s  t h e  s imples t  i d e a l  processor  t o  mechanize ( r e f .  l ) .  I t s  mechani
z a t i o n  i n s u r e s  t h a t ,  t o  a f i r s t  o r d e r ,  t h e  c o n t r o l  s i g n a l s  (E+, � 0 ,  E+) a r e  
decoupled; t h a t  i s ,  M I N  = I where I i s  t h e  i d e n t i t y  ma t r ix .  

Simpler forms t o  mechanize a r e  ob ta ined  from approximations t o  t h e  i d e a l  
p rocesso r .  I f  t h e  more complex terms are made cons t an t  and on ly  t h e  simple 
s i n e  and cos ine  terms are mechanized, t h e  t r ans fo rma t ion  of equat ion (2)  
becomes 

where M i s  des igna ted  as t h e  p a r t i a l  p rocesso r .  The cons t an t s  f o r  t h e  11 
and 13  eyements do not  i n f l u e n c e  t h e  s t a b i l i t y  of t h e  system because t h e  o u t e r  
gimbal axes are p a r a l l e l  and two i n n e r  and one o u t e r  gimbal ang le  e r r o r  i s  
used.  They are t h e r e f o r e  equated t o  zero.  The term 1/C(y1 - y2) i n  equa
t i o n  ( 2 )  i s  r e p r e s e n t e d  by d12 which i s  c o n s t a n t  f o r  a l l  commands and i s  not  
eva lua ted  a t  each set  of command ang les .  The product  o f  t h e  p a r t i a l  p rocesso r  
and t h e  l i n e a r i z e d  equat ions f o r  t h e  s t a r  t r a c k e r  dynamics (eq. (1) )  i s

[‘1- (4)E 

+
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I t  fol lows from equat ion (4 )  t h a t  t h e  p a r t i a l  processor  i n s u r e s  t h e  indepen
dence of two c o n t r o l  channels ( E  

8' 
E ) r a t h e r  t han  a l l  t h r e e  as  does with t h e  

i d e a l  p rocesso r .  Also, t h e  ga ins  of I) t h e  p i t c h  and yaw channels a r e  func t ions  
of  t h e  o u t e r  gimbal ang le s ,  whereas t h e i r  gains  were cons t an t  with t h e  i d e a l  
p rocesso r .  

Another approximation t o  t h e  i d e a l  p rocesso r ,  designated t h e  "constant  
processor , l '  a l lows even s impler  mechanization than t h e  p a r t i a l  p rocesso r .  The 
constant  processor  i s  ob ta ined  by l e t t i n g  each of t h e  nonzero elements of t h e  
i d e a l  p rocesso r  be c o n s t a n t .  The elements of  t h e  matr ix  then a r e  not  param
e t e r s  t o  be eva lua ted  a t  each s e t  of commanded gimbal ang le s  but  a r e  t o  remain 
constant  a t  l e a s t  i n  magnitude over t h e  complete range of allowed commanded 
ang le s .  The cons t an t  p rocesso r  i s  

Mc = 

0 1 0 

s Z l  s23  

3 3 1  0 s 3 3  

where t h e  cons t an t s  f o r  t h e  11 and t h e  13 elements a r e  again equated t o  zero 
s i n c e  they  do not i n f luence  s t a b i l i t y .  The product matr ix  PlcN i s  

Equation (6)  shows t h a t  t h e  p i t c h  and yaw e r r o r  s i g n a l s  a r e  independent o f  t h e  
motion about t h e  r o l l  a x i s .  Ilowever, t h e  p i t c h  and yaw s i g n a l s  a r e  
crosscoupled and both s i g n a l s  a r e  coupled i n t o  r o l l .  

The s t a b i l i t y  of t he  system ( f i g .  5) using each o f  t h e  t h r e e  p rocesso r s  
was a l s o  i n v e s t i g a t e d  in  r e f e r e n c e  1. The a n a l y s i s  assumed t h e  following con
d i t i o n s :  (1) The mass d i s t r i b u t i o n  of  t h e  v e h i c l e  i s  such t h a t  t h e  moments 
of i n e r t i a  about any t h r e e  orthogonal axes a r e  equal ;  ( 2 )  gyroscopic coupling 
due t o  i n e r t i a  wheel r o t a t i o n  i s  n e g l i g i b l e ;  (3) l i n e a r i z e d  equat ions v a l i d l y  
d e s c r i b e  t h e  motor- iner t ia-wheel  combination; ( 4 )  t h e  motor t o rque  i s  l i m i t e d  
and t h e  s a t u r a t i o n  type n o n l i n e a r i t y  i s  v a l i d l y  r ep resen ted  by a d e s c r i b i n g  
func t ion  f o r  a s t a b i l i t y  a n a l y s i s ;  (5) t h e  s t a r  t r a c k e r s  t r a c k  p e r f e c t l y ;  
(6) t h e  s t a r  t r a c k e r s  and r e a c t i o n  wheels a r e  p e r f e c t l y  a l i n e d  with t h e  c o n t r o l  
a x i s ; - ( 7 )  l i n e a r i z e d  equat ions v a l i d l y  d e s c r i b e  t h e  gimbal ang le  e r r o r s  ( A B 1 ,  
A y l ,  A B z )  as a f u n c t i o n  of t h e  s a t e l l i t e ' s  d e v i a t i o n  from i t s  nominal (A+, AB, 
AI)); (8) t h e  l i n e a r i z a t i o n  of t h e  Euler  angle  r a t e  equat ions i s  v a l i d ;  (9) no 
e x t e r n a l  torques e x i s t ;  and (10) t h e  elements of t h e  p rocesso r s  a r e  c o n s t a n t s  
eva lua ted  a t  each s e t  of command ang les .  

The a n a l y s i s  r e s u l t s  showed t h a t  t h e  system using e i t h e r  t h e  i d e a l  o r  
p a r t i a l  p rocesso r  was s t a b l e  and provided t h e  d e s i r e d  performance f o r  any s e t  
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of  commanded gimbal angles ;  t h a t  i s ,  t h e  system i s  s t a b l e  f o r  small  dev ia t ions  
about any p h y s i c a l l y  p o s s i b l e  s e t  of  commanded ang le s .  The system us ing  t h e  
cons tan t  p rocesso r  was a l s o  s t a b l e  and provided  t h e  d e s i r e d  performance f o r  
small dev ia t ions  about  any se t  of  commanded gimbal ang le s .  The range of  com
manded gimbal ang le s  i s  t 6 0 " .  Al though, the  system performed as d e s i r e d ,  t h e  
fol lowing t h r e e  c h a r a c t e r i s t i c s  should be cons idered:  (1) t h e  indeterminant  
condi t ion ,  ( 2 )  t h e  e f f ec t  o f  an e r r o r  i n  measuring t h e  gimbal a n g l e s ,  and ( 3 )  
t h e  e f f e c t  o f  m u l t i p l e  equ i l ib r ium p o i n t s .  

Indeterminant  Condi t ion 

The f i r s t  c h a r a c t e r i s t i c  t o  be cons idered  i s  t h e  p r o c e s s o r ' s  i n a b i l i t y  t o  
e s t ima te  t h e  a t t i t u d e  o f  t h e  s a t e l l i t e  under c e r t a i n  cond i t ions .  Each proces
s o r  provides  an e s t i m a t e  of t h e  s a t e l l i t e ' s  a t t i t u d e  e r r o r  i f  t h e  gimbal angle  
e r r o r s  a r e  independent .  However, t h e  gimbal angle  e r r o r s  become dependent 
when the  determinant  of  equat ion  (1) van i shes  ( i . e . ,  when c ( y l  - y 2 )  = 0)  and 
an indeterminant  cond i t ion  e x i s t s .  The three-dimensional  e r r o r  measured about 
t h e  con t ro l  axes (AI$, A6, A$) then  maps i n t o  t h r e e  coplanar  gimbal e r r o r s  ( A B l ,  
A y l ,  A B 2 ) .  Under t h e s e  c i rcumstances ,  t h e  s a t e l l i t e  a t t i t u d e  e r r o r  cannot be 
determined from t h e  gimbal ang le  measurements. A phys i ca l  i n t e r p r e t a t i o n  
i n d i c a t e s  t h a t  t h e  inde terminant  cond i t ion  occurs  when t h e  p l ane  formed by t h e  
l i n e s  of s i g h t  t o  t h e  two s t a r s  i nc ludes  t h e  o u t e r  gimbal axes of t h e  s t a r  
t r a c k e r s ,  o r ,  e q u i v a l e n t l y ,  t h e  r o l l  a x i s  o f  t h e  v e h i c l e .  According t o  f i g 
u r e  6 ,  t h e  cond i t ion  occurs  when t h e  p l ane  formed by t h e  l i n e s  of  s ight .  t o  
s tars  A and B con ta ins  p o i n t  c which l i e s  along t h e  roll a x i s .  S ince  t h e  
a t t i t u d e  of  t h e  s a t e l l i t e  cannot be  determined from t h e  gimbal ang le  measure
ments, a reg ion  about t h e  inde terminant  cond i t ion  must be  e s t a b l i s h e d  i n  which 
ope ra t ion  must be r e s t r i c t e d .  From t h e  a n a l y t i c  s tudy ,  t h e  proposed 
r e s t r i c t e d  r eg ion  i s  80" < l y l c  - y 2 c  I < lOO", shown as t h e  shaded r eg ion  i n  
ske tch  ( a ) .  

5 -Y2=-90" 

Sketch (a )  
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Effect o f  an E r r o r  i n  Measuring t h e  Gimbal Angles 

The second c h a r a c t e r i s t i c  t o  be considered i s  an i n a c c u r a t e  measurement 
o f  t h e  star tracker gimbal ang le s  which causes  t h e  equ i l ib r ium p o s i t i o n  of t h e  
s a t e l l i t e  t o  vary.  An estimate of t h e  e f f e c t  of t h e  e r r o r  i n  gimbal ang le  
measurement on t h e  equ i l ib r ium p o s i t i o n  i s  given by t ak ing  t h e  t o t a l  d i f f e r e n 

where 

A y l  = Y1 - Y I C  

If t h e  system i s  a t  t h e  d e s i r e d  p o s i t i o n ,  t h e  gimbal ang le s  are equal  t o  t h e i r  
commanded va lues ;  t h a t  i s ,  A@,, Ayl and A B 2  a r e  zero implying A @ ,  A O ,  and 
A$ a r e  zero.  Assume t h a t  an i n a c c u r a t e  measurement of t h e  o u t e r  gimbal ang le  
y1  occurs .  The angle  d(Ayl) becomes nonzero. The v a r i a t i o n  i n  d(Ayl) 
r e s u l t s  i n  an equal change i n  t h e  equ i l ib r ium p o i n t  about t h e  r o l l  a x i s  d(A@). 
Now consider  an e r r o r  i n  measuring e i t h e r  o f  t h e  inne r  gimbal ang le s ;  t h a t  i s ,  
d(Af3,) and d(Af32) a r e  nonzero. These i n a c c u r a t e  measurements r e s u l t  i n  a v a r i 
a t i o n  of t h e  equ i l ib r ium p o i n t  i n  a l l  t h r e e  axes (d(A$), d(AO), d(A$)).  I f  
t h e  d i f f e r e n c e  between t h e  o u t e r  gimbal ang le s  i s  about zero (c(yl  - y 2 )  -+ l ) ,
then t h e  v a r i a t i o n  i n  t h e  equ i l ib r ium p o s i t i o n  i s  approximately equal  t o  t h e  
v a r i a t i o n  i n  t h e  i n n e r  gimbal ang le s .  However, i f  t h e  system i s  ope ra t ing  
nea r  t h e  r e s t r i c t e d  r eg ion  ( I y l  - y 2  I -+ 90" =$ c ( y l  - y 2 )  -+ 0) , t h e  change i n  
t h e  equ i l ib r ium p o s i t i o n  i s  much l a r g e r  than t h e  v a r i a t i o n  i n  i n n e r  gimbal 
ang le .  For example, i f  ( y l  - y 2 )  = 80" and B, = 6 0 ° ,  t h e  change i n  t h e  equ i 
l i b r ium p o s i t i o n  about t h e  r o l l  a x i s  i s  about 10 t imes t h e  v a r i a t i o n  i n  t h e  
i n n e r  gimbal ang le s .  The re fo re ,  i f  t h e  system i s  t o  o p e r a t e  nea r  t h e  i n d e t e r 
minant cond i t ion ,  t h e  gimbal angle  measurements must be a c c u r a t e .  If t h e  
gimbal measurements are i n a c c u r a t e ,  t h e  system w i l l ,  i n  g e n e r a l ,  s t a b i l i z e  b u t  
n o t  a t  t h e  d e s i r e d  i n e r t i a l  a t t i t u d e .  The e f f e c t  of i n a c c u r a t e  gimbal ang le  
measurements on t h e  behavior  o f  t h e  system was observed during t h e  s imula t ion .  
For example, with t h e  system s t a b i l i z e d  a t  a s p e c i f i c  s e t  o f  commanded a n g l e s ,  
t h e  a t t i t u d e  o f  t h e  t a b l e  v a r i e d ,  i n  one i n s t a n c e ,  approximately 2" i n  yaw. 

Effect of Mul t ip l e  Equi l ibr ium Po in t s  on System Behavior 

The last c h a r a c t e r i s t i c  t o  be considered i s  t h e  m u l t i p l e  equ i l ib r ium 
p o i n t s .  Each se t  of  commanded s tar  t r a c k e r  gimbal ang le s  has  two equ i l ib r ium 
p o i n t s  because on ly  t h r e e  o f  t h e  f o u r  gimbal ang le s  o f  t h e  p a i r e d  star 
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t r a c k e r s  are commanded. Since t h e  t r a c k e r s  a r e  p o i n t i n g  a t  known guide s t a r s ,  
t h e  angle  between t h e  stars can be determined. The magnitude of t h e  f o u r t h  
gimbal angle  at t h e  commanded p o s i t i o n  can then  b e  determined from t h e  t h r e e  
commanded ang le s  and t h e  angle  between t h e  stars. For example, t h e  angle  
between t h e  stars 6 can be w r i t t e n  as a f u n c t i o n  of t h e  gimbal ang le s  as 

Since t h e  fou r  known ang les  are 6 = SO, 61 = Blc, ~1 = y l C  and 62 = Bzc, 
t h e  f o u r t h  gimbal ang le  i s  

If s i n ( y l c  - y 2 )  > 0 ,  t hen  ( y l c  - y2) can be e i t h e r  i n  t h e  first o r  second 
quadrant .  If s i n ( y l ,  - y 2 )  < 0 ,  then (ylc  - y2)  can be e i t h e r  i n  t h e  t h i r d  o r  
f o u r t h  quadrant .  Since t h e  indeterminant  cond i t ion  occur s  when J y l c  - y2 1 = go" ,  
t he  two s o l u t i o n s  correspond t o  equ i l ib r ium p o i n t s  ( e l ,  e 2  i n  ske tch  (b) )  on 
oppos i t e  s i d e s  of t h e  indeterminant  cond i t ion .  

The e f f e c t  of m u l t i p l e  e q u i l i b r i a  on t h e  behavior  o f  t h e  system i s  now 
i n v e s t i g a t e d .  For t h e  system us ing  t h e  p a r t i a l  p rocesso r  t o  be s t a b l e ,  r e f e r 
ence 1 showed t h a t  

'71-72' 

Ly----J 

Restr.i ct ed 
region 

Sketch (b) 
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Thus, i f  d12 > 0 ,  e l  and e2 are a 
s t a b l e  and an u n s t a b l e  equ i l ib r ium 
p o i n t ,  r e s p e c t i v e l y .  Conversely, i f  
d I 2  < 0 ,  t hen  e l  and e2 a r e  an 
u n s t a b l e  and a s t a b l e  equ i l ib r ium p o i n t .  

The s i g n  of d12 must be con
t r o l l e d  as a func t ion  of t h e  commanded 
o u t e r  gimbal ang le s  and not  t h e  a c t u a l  
o u t e r  gimbal ang le s .  I f  t h e  s i g n  of 
d12 i s  c o n t r o l l e d  as a func t ion  of t h e  
a c t u a l  gimbal angles  , t h e  system could 
s t a b i l i z e  a t  t h e  i n c o r r e c t  equ i l ib r ium 
p o s i t i o n .  For example, assume it 2s 
d e s i r e d  t o  d r i v e  t h e  system from p o i n t  
"1" t o  e l  (sketch ( b ) ) .  Therefore ,  
d12 > 0 s o  t h a t  e l  i s  a s t a b l e  equ i 
l ibr ium p o i n t .  I f  t h e  system responds 
as shown i n  t h e  sketch ( t r a j e c t o r y  (b))  
and d12 i s  c o n t r o l l e d  a s  a func t ion  
of t h e  a c t u a l  o u t e r  gimbal a n g l e s ,  t h e  
s i g n  of d12 changes a t  p o i n t  2 .  The 
equ i l ib r ium p o i n t  e2 then becomes a 
s t a b l e  equ i l ib r ium.  The system now 
could d r i v e  t o  e2. However, i f  t h e  



s i g n  of d12 is  c o n t r o l l e d  as a f u n c t i o n  of t h e  commanded ang le s ,  t h e  s i g n  of 
d12 does not  change a t  p o i n t  2 and e l  i s  always t h e  s t a b l e  equi l ibr ium 
p o i n t .  

The m u l t i p l e  equ i l ib r ium p o i n t s  do not a f f e c t  t h e  r e s u l t s  o f  t h e  a n a l y t i c  
s tudy  ( r e f .  1)  because only small  changes i n  a t t i t u d e  were considered. Since 
t h e  i n i t i a l  and commanded ang le s  must be o u t s i d e  t h e  r e s t r i c t e d  r eg ion ,  t h e  
angle  between t h e  two equ i l ib r ium p o i n t s  i s  a t  l e a s t  20" (assuming t h e  
r e s t r i c t e d  region i s  80" < I y l  - y21 < 100").  I t  was a l s o  assumed t h a t ,  i f  
t h e  system might p e n e t r a t e  t h e  r e s t r i c t e d  r eg ion ,  a new s e t  of guide s ta rs  
would be chosen. However, t h e  e f f e c t  of m u l t i p l e  equ i l ib r ium p o i n t s  must now 
be considered s i n c e  l a r g e r  ang le  motions a r e  being i n v e s t i g a t e d .  

RESULTS OF THE SIMULATION 

The r e s u l t s  of t h e  s imula t ion  w i l l  be  p re sen ted  s e p a r a t e l y  f o r  small 
angle  and l a r g e  angle  commands. The small  angle  s e c t i o n  d i s c u s s e s  t h e  behav
i o r  of t h e  system using each o f  t h e  t h r e e  p rocesso r s  f o r  r e o r i e n t a t i o n s  no 
l a r g e r  than 5" .  The s e c t i o n  begins  with a comparison of t h e  a n a l y t i c  model 
with t h e  s imula to r .  Then t h e  t r a n s i e n t  and s t e a d y - s t a t e  behavior of t h e  
system using each o f  t h e  t h r e e  p rocesso r s  a r e  d i scussed .  

The l a r g e  angle  s e c t i o n  d e s c r i b e s  t h e  behavior of t h e  system us ing  only 
t h e  p a r t i a l  p rocesso r  f o r  angular  r e o r i e n t a t i o n s  of t h e  t a b l e  as l a r g e  as 55".  
F i r s t ,  t h e  s imula t ion  r e s u l t s  f o r  t h e  l a r g e  angle  maneuvers a r e  p re sen ted .  
F i n a l l y ,  t h e  behavior of t h e  system when e n t e r i n g  and pass ing  through t h e  
r e s t r i c t e d  r eg ion  i s  i n v e s t i g a t e d .  

Small Angle Resu l t s  

The small  angle  r e s u l t s  o f  t h e  hardware s imula t ion  a r e  presented t o  
v e r i f y  t h e  a n a l y t i c  s tudy and t o  show t h e  a p p l i c a b i l i t y  of t h e  p rocesso r s  t o  
a r e a l  system. The s imula t ion  p r e s e n t s  t h e  system with a more seve re  environ
ment t han  t h e  real  system would encounter .  I f  t h e  system performs s a t i s f a c 
t o r i l y  f o r  t h e  s imula t ion ,  it i s  expected t h a t  it would perform adequately f o r  
t h e  real  s i t u a t i o n .  The s imula t ion  and a n a l y t i c  r e s u l t s  might d i f f e r  because 
o f  t h e  fol lowing d i f f e r e n c e s  between t h e  a n a l y t i c  model and t h e  s i m u l a t o r :  
(1) The i n e r t i a s  about t h e  c o n t r o l  axes a r e  no t  equal .  Also,  t h e  products  o f  
i n e r t i a  were nonzero but  small; (2)  t h e  gyroscopic coupl ing torques a r e  not  
n e c e s s a r i l y  n e g l i g i b l e .  However, t h e  s imula to r  approximates t h e  a n a l y t i c  
model i f  t h e  system angular  momentum i s  i d e n t i c a l l y  zero; ( 3 )  both s t a t i c  
f r i c t i o n  and deadzone e x i s t  i n  t h e  motor; (4) t h e  s t a r  t r a c k e r s  cannot i d e a l l y  
t r a c k  t h e  stars.  The a b i l i t y  of t h e  t r a c k e r s  t o  p o i n t  a t  t h e  s t a r  depends on 
t h e  t a b l e  angular  r a t e .  For small d e v i a t i o n s ,  t h e  r a t e s  are small and t h e  l a g  
introduced by t h e  t r a c k e r s  i s  small; (5) e x t e r n a l  torques a r e  ever  p r e s e n t  i n  
t h e  s imula t ion  b u t  were no t  considered i n  t h e  a n a l y t i c  s tudy.  The magnitude 
o f  t h e  torque v a r i e d  from run  t o  run;  (6) t h e  t r i gonomet r i c  elements of t h e  
i d e a l  and p a r t i a l  p rocesso r s  are no longer  c o n s t a n t s  eva lua ted  a t  t h e  command 
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ang les ,  bu t  are eva lua ted  a t  t h e  p r e s e n t  gimbal angle .  Fo r  small angular  
changes,  t h e  v a r i a t i o n  of t h e  cons t an t s  would be small. 

T r a n s i e n t  response- The t r a n s i e n t  response of  t h e  system us ing  each 
processor  i s  i n v e s t i g a t e d .  F i r s t ,  t h e  behavior  of t h e  system ?or an i n i t i a l  
a t t i t u d e  e r r o r  about  a s i n g l e  con t ro l  ax i s  i s  examined. Next,  a t y p i c a l  mul
t i p l e  a x i s  maneuver us ing  each p rocesso r  i s  shown. F i n a l l y ,  t h e  effect  o f  
i n i t i a l  momentum on t h e  t r a n s i e n t  behavior  i s  d i scussed .  

The response  o f  t h e  system t o  an a t t i t u d e  e r r o r  about a s i n g l e  con t ro l  
a x i s  was made t o  i n v e s t i g a t e  t h e  cou;>ling introduced by t h e  p rocesso r .  Each 
run  was made wi th  zero i n i t i a l  momentum. I f  t h e  e x t e r n a l  to rques  are  n e g l i 
g i b l e ,  t h e  system momentum remains smal l .  Thus, t h e  gyroscopic  and i n e r t i a  
coupl ing to rques  are n e g l i g i b l e .  The onl). coupl ing would then  r e s u l t  from 
e i t h e r  an inexac t  e s t ima te  o f  t h e  e r r o r  fro!? t h e  l i n e a r i z e d  equat ions  a s  
occurs  with t h e  i d e a l  processor  o r  from a31 incomplete process ing  of  t h e  gim
b a l  ang le  informat ion ,  such a s  occurs  ~ i t ht h e  p a r t i a l  and cons t an t  p rocesso r .  

The response of  t h e  system with each processor  i s  shown i n  f i g u r e s  7 ,  8 ,  
and 9 .  Each f i g u r e  shows t h e  t ime h i s t o r i e s  o f  t h e  l i n e a r i z e d  Euler  angles  
(A$, A0,  AI)) ( i . e . ,  t h e  output  of  t h e  i d e a l  processor )  of t h r e e  s e p a r a t e  runs 
l abe led  ( a ) ,  ( b ) ,  and ( c ) .  Each run has an i n i t i a l  a t t i t u d e  e r r o r  of  5" about 
a s i n g l e  c o n t r o l  a x i s ;  t h a t  i s ,  runs ( a ) ,  ( b ) ,  and (c)  have an i n i t i a l  e r r o r  
o f  5" about t h e  r o l l ,  p i t c h ,  and yaw axes ,  r e s p e c t i v e l y .  The commanded and 
i n i t i a l  gimbal angles  f o r  t h e  runs shown i n  t h e  t h r e e  f i g u r e s  a r e  given i n  
t a b l e  1. Also shown are t h e  time cons t an t s  f o r  t h e  compensation networks and 
t h e  ga ins  f o r  t h e  system. The d i f f e r e n c e  between t h e  commanded o u t e r  gimbal 
ang le s  ( y l c  - y 2 c  = -15.2) i n d i c a t e s  t h e  runs  were not  made near  t h e  
r e s t r i c t e d  r eg ion .  

TABLE I .  - DATA FOR F I  JRES 7, 8 ,  AND 9 ___ . - .

LlL y 1  j a2 I y2 
Command angles  1 27.3 2 6 . 7 1  6 . 8  41.9 

._~ _ _  . . 
31.5  I 6 . 8  1 45.9 

I n i t i a l  G Y 1 1 0 . 5 1  41 .5angles  
-31.6 2 5 . 0 1 3 . 6 1  41.4 

d12 = 5 . 7 7  ; s21 = 0 ; s 2 3  = . 2 5  ; ss1 = 2.0 ; s 3 3  = -3 .5  

T 1  = 4.55 ; 

The response .of t h e  system us ing  t h e  i d e a l  processor  i s  shown i n  f i g u r e  7.  
The t r a n s i e n t  responses  show t h a t  no d e t e c t a b l e  coupl ing i s  in t roduced  between 
con t ro l  channels  when t h e  i d e a l  processor  i s  used f o r  r e o r i e n t a t i o n s  o f  5".  

The response o f  t h e  system us ing  t h e  p a r t i a l  p rocessor  i s  shown i n  f i g 
u r e  8. The t h r e e  runs  show t h e  fo l lowing:  (a)  r o l l  motion i s  no t  coupled 
i n t o  e i t h e r  p i t c h  o r  yaw; (b) p i t c h  motion i s  coupled on ly  i n t o  r o l l ;  and 
(c)  yaw motion i s  coupled on ly  i n t o  r o l l .  The coupl ing o f  p i t c h  and yaw 
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motion i n t o  r o l l  i s  p r e d i c t e d  by t h e  a n a l y t i c  model (eq. (4))  if t h e  gimbal 
ang le s  of t r a c k e r  number 1 (61, Y,) are nonzero. The a n a l y t i c  model i n d i c a t e s  
no coupling should occur  between c o n t r o l  channels i f  f31 = 0. To v e r i f y  t h e  
a n a l y t i c  s tudy  f u r t h e r ,  a set  of runs similar t o  those  i n  f i g u r e  8 was made 
with B l c  = 0. The responses  showed t h a t  no d e t e c t a b l e  coupling occurs  
between t h e  c o n t r o l  channels.  The response curves were very similar t o  those  
shown i n  f i g u r e  7 f o r  t h e  i d e a l  p rocesso r .  

The response of t h e  system us ing  t h e  cons t an t  p rocesso r  i s  shown i n  f i g 
u r e  9. The cons t an t s  f o r  t h e  processor  a r e  given i n  t a b l e  1. I f  eva lua ted  
a t  t h e  s p e c i f i e d  c o n s t a n t s  and t h e  commanded gimbal ang le s ,  t h e  a n a l y t i c  model 
(eq. (6))  becomes 

-0.461 0.232[."]-[ 3.165 -2.836]E:] 

-1.709 4.123 
&lJJ 

which shows t h e  coupling between c o n t r o l  channels .  The t r a n s i e n t  response 
curves i n  f i g u r e  9 a l s o  show t h e  coupling. For example, r o l l  i s  no t  coupled 
i n t o  e i t h e r  p i t c h  o r  yaw. However, both p i t c h  and yaw motion a r e  coupled i n t o  
t h e  o t h e r  two axes;  t h a t  i s ,  p i t c h  motion i s  coupled i n t o  both r o l l  and yaw, 
e t c .  Therefore ,  t h e  s imulht ion r e s u l t s  agree with t h e  behavior p r e d i c t e d  by 
t h e  a n a l y t i c  s tudy .  

The response of t h e  system with each p rocesso r  t o  a m u l t i p l e  a x i s  e r r o r  
i s  shown i n  f i g u r e  10. The i n i t i a l  a t t i t u d e  e r r o r s  are So about each c o n t r o l  
a x i s .  The corresponding i n i t i a l  gimbal ang le s  are 6 1 0  = 34.1,  y10 = 30.3,  
p z 0  = 6 . 7 ,  and y20 = 46.4. The commanded gimbal ang le s  a r e  t h e  same as f o r  
t h e  runs shown i n  f i g u r e s  7 ,  8,  and 9 ( t a b l e  1 ) .  Runs ( a ) ,  ( b ) ,  and (c) i n  
f i g u r e  10 show t h e  response of t h e  system us ing  t h e  i d e a l ,  p a r t i a l ,  and con
s t a n t  p rocesso r s ,  r e s p e c t i v e l y .  Although t h e  system us ing  t h e  p a r t i a l  proces
s o r  does e x h i b i t  s l i g h t l y  more overshoot ,  t h e  response of t h e  system i s  very 
similar with each p rocesso r .  

The i n f l u e n c e  o f  nonzero i n i t i a l  system momentum on t h e  behavior o f  t h e  
system was i n v e s t i g a t e d  on t h e  s imula to r .  The i n v e s t i g a t i o n  was d iv ided  i n t o  
two c a t e g o r i e s :  (1) t h e  e f f e c t  o f  i n i t i a l  momentum s t o r e d  about a c o n t r o l  
a x i s  pe rpend icu la r  t o  t h e  a x i s  of r o t a t i o n  and ( 2 )  t h e  e f f e c t  o f  i n i t i a l  momen
tum about t h e  a x i s  o f  r o t a t i o n .  The i n i t i a l  momentum of t h e  system was s t o r e d  
i n  t h e  motors only; t h a t  i s ,  t h e  i n i t i a l  t a b l e  r a t e s  are zero.  The momentum 
was s t o r e d  i n  a s i n g l e  motor with a magnitude less than  6 0  percen t  of t h e  maxi
mum motor momentum. Since t h e  e f f e c t  o f  i n i t i a l  momentum on t h e  behavior  o f  
t h e  system depends mainly on t h e  c h a r a c t e r i s t i c s  o f  t h e  motor, only t h e  i d e a l  
processor  was used f o r  a l l  runs .  

The i n f l u e n c e  of i n i t i a l  momentum about an a x i s  pe rpend icu la r  t o  t h e  a x i s  
of r o t a t i o n  i s  n e g l i g i b l e  f o r  r e o r i e n t a t i o n s  of So o r  l e s s .  For example, runs 
were made with i n i t i a l  momentum i n  t h e  r o l l  motor equ iva len t  t o  60 p e r c e n t  of 
i t s  maximum and a yaw a t t i t u d e  e r r o r  o f  So.  The d i f f e r e n c e  between t h e  runs  
with 60 p e r c e n t  i n i t i a l  momentum and zero i n i t i a l  momentum was n e g l i g i b l e .  
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about c o n t r o l  a x i s .  The 

-- 

Torque The e f f e c t  o f  t h e  i n i t i a l  momentum 
about t h e  a x i s  o f  r o t a t i o n  on t h e  system 
response i s  s i g n i f i c a n t ;  t h a t  i s ,  t h e  
i n i t i a l  momentum and p o s i t i o n  e r r o r  a r e1t e r i s t i c s  same cha rac t h e  of t h e  motors r e s u l t  i n  t h e  

torque-speed curve given i n  ske tch  ( c ) .  
.~~ .~ Speed Assume t h a t  t h e  i n i t i a l  wheel speed o f  

I 

3 

Sketch (c) 

$J 

.~ t ime 

Sketch (d)  

The e f f e c t  o f  i n i t i a l  motor 

t h e  yaw motor corresponds t o  p o i n t  1 i n  
ske tch  ( c ) .  The i n i t i a l  a t t i t u d e  e r r o r  
i s  a l s o  about t h e  yaw a x i s  and c o r r e 
sponds t o  p o i n t  1 i n  ske tch  ( d ) .  A s  t h e  
a t t i  tude e r r o r  i s  diminished, t h e  wheel 
speed i n c r e a s e s  toward I:o i n t 2 
( ske tch  ( c ) ) .  A t  p o i n t  2 ,  t h e  a t t i t u d e  
e r r o r  has  diminislied enough t h a t  t h e  
lead information causes t h e  vo l t age  t o  
t h e  motor t o  change s i g n .  The motor i s  
then  o p e r a t i n g  a t  p o i n t  3.  The re fo re ,  a 
high to rque  i s  a v a i l a b l e  f o r  d e c e l e r a t 
i n g  t h e  s a t e l l i t e  and t h e  overshoot 
should be n e g l i g i h l e .  In  c o n t r a s t ,  
asslime t h e  motor i s  i n i t i a l l y  o p e r a t i n g  
a t  p o i n t  5 .  A s  t h e  a t t i t u d e  e r r o r  i s  
reduced, t h e  n o t o r  speed i n c r e a s e s  from 
p o i n t  5 t o  p o i n t  6 .  A t  p o i n t  6 ,  t h e  
motor v o l t a g e  again changes s i g n  t o  
d e c e l e r a t e  t h e  s a t e l l i t e .  With t h e  
motor now o p e r a t i n g  a t  p o i n t  7 ,  t h e  
torque a v a i l a b l e  i s  small and t h e  over
shoot i s  s i g n i f i c a n t l y  l a r g e r  than i n  
t h e  p rev ious  case .  

momentum ahout t h e  a x i s  of  r o t a t i o n  on t h e  
behavior o f  t h e  systern i s  sho\cn in  f i g u r e  11. The i n i t i a l  a t t i t u d e  e r r o r  i s  
5" about t h e  yaw a x i s .  The response of  t h e  systein with zero i n i t i a l  wheel 
speed i s  shown i n  run ( a ) .  (The i n i t i a l  angu la r  v e l o c i t y  of  t h e  t a b l e  i s  
zero .  Also t h e  frequency of  t h e  n o i s e  on t h e  t r a c e s  i s  so  high t h a t  i t  does 
not a f f e c t  t h e  t r a n s i e n t  behav io r . )  Run (b)  shows t h e  response of  t h e  system 
f o r  an i n i t i a l  yaw wheel speed of  60 pe rcen t  o f  t h e  maximum. The overshoot i n  
r u n  ( a )  i s  l e s s  t han  10 pe rcen t  while t h e  overs!ioot i n  run  (b) i s  approxi
mately 80 p e r c e n t .  Consequently, t h e  i n i t i a l  wheel speed does have a s i g n i f 
i c a n t  e f f e c t  on t h e  behavior  of  t h e  s y s t e m .  I t  would t h e r e f o r e  be advanta
geous t o  i nc lude  t h e  wheel speed information i n  c a l c u l a t i n g  t h e  c o n t r o l  
vo l t age  t o  minimize t h e  e f f e c t  o f  i n i t i a l  wheel spced. 

-S t e a d y - s t a t e  behavior- The s t e a d y - s t a t e  behavior  o f  t h e  system i s  a 
func t ion  of t h e  momentum-of t h e  tnotors when t h e  system i s  s t a b i l i z e d .  If  t h e  
motor i s  ope ra t ing  a t  a cons t an t  speed when t h e  system i s  s t a b i l i z e d ,  a back 
emf v o l t a g e  e x i s t s .  I n  o rde r  f o r  t h e  motor t o  con t inue  spinning a t  a c o n s t a n t  
speed, a c o n t r o l  v o l t a g e  equal and oppos i t e  t o  t h e  back emf must e x i s t .  The 
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e x i s t e n c e  of t h e  c o n t r o l  v o l t a g e  impl i e s  an e r r o r  i n  t h e  a t t i t u d e  o f  t h e  
s a t e l l i t e .  This  e r r o r  i s  c a l l e d  t h e  s t e a d y - s t a t e  p o i n t i n g  e r r o r  o r  o f f s e t  
e r r o r .  

The s t e a d y - s t a t e  p o i n t i n g  e r r o r  ( o f f s e t )  f o r  a s p e c i f i c  loop ga in  i s  
i d e a l l y  p r o p o r t i o n a l  t o  t h e  wheel speed. For t h e  i d e a l  p rocesso r ,  t h e  t h e o r e t 
i c a l  o f f s e t  e r r o r  as a f u n c t i o n  of wheel speed i s  given as t h e  s o l i d  l i n e s  i n  
f i g u r e  1 2 .  The f i g u r e  shows t h e  o f f s e t  e r r o r  f o r  va r ious  g a i n s .  For example, 
i f  t h e  wheel speed i s  600 rpm and t h e  ga in  Kc = 1000, t h e  o f f s e t  e r r o r  i s  
0.29O. 

The r e s u l t s  of t h e  s imula t ion  show t h e  same t r e n d s  a s  t h e  t h e o r e t i c a l  
r e s u l t s  ( f i g .  12 ) ;  t h a t  i s ,  t h e  o f f s e t  e r r o r  i n c r e a s e s  as t h e  wheel speed 
i n c r e a s e s .  However, a comparison o f  t h e  magnitudes of t h e  o f f s e t s  shows poor 
c o r r e l a t i o n  between t h e  s imula t ion  and a n a l y t i c  r e s u l t s .  The c o r r e l a t i o n  
between t h e  r e s u l t s  i s  b e t t e r  f o r  t h e  lower ga ins  b u t  becomes poorer  as t h e  
ga in  i n c r e a s e s .  For t h e  h i g h e r  g a i n s ,  t h e  o f f s e t  e r r o r  does n o t  appear t o  be 
a func t ion  of ga in ;  t h a t  i s ,  an i n c r e a s e  i n  K, from 4700 t o  9400 does no t  
r e s u l t  i n  an equ iva len t  r educ t ion  i n  t h e  o f f s e t  e r r o r .  In  f a c t ,  t h e  o f f s e t  
e r r o r  i s  small but  random. 

The poor c o r r e l a t i o n  between t h e  s imula to r  and t h e  t h e o r e t i c a l  r e s u l t s  i s  
caused by t h e  s e n s i t i v i t y  l i m i t  of  t h e  senso r s  and noisy c o n t r o l  v o l t a g e s .  
For t h e  h ighe r  gain cases ,  t h e  o f f s e t  e r r o r s  a r e  random because t h e  o f f s e t  
magnitude and t h e  sensor  s e n s i t i v i t y  magnitude a r e  about equa l .  Thus, one i s  
t r y i n g  t o  p o i n t  t h e  v e h i c l e  t o  an accuracy equal t o  o r  b e t t e r  t han  t h e  
a v a i l a b l e  a t t i t u d e  information.  

Noisy c o n t r o l  v o l t a g e s  a l s o  cause a poor c o r r e l a t i o n  between t h e  simula
t o r  and t h e  t h e o r e t i c a l  r e s u l t s .  The source of t h e  n o i s e  i s  no t  important b u t  

i s  not  generated by t h e  p rocesso r .  To 
V o l t a g e  	 show t h e  c o r r e l a t i o n  between o f f s e t  

e r r o r  and n o i s e ,  consider  a s  an example 
t h e  system a t  equ i l ib r ium with an o f f 
s e t  e r r o r  of 6 minutes of a r c .  Assume 
t h i s  o f f s e t  e r r o r  i s  equ iva len t  t o  a 
5 V d . c .  s i g n a l  t o  t h e  motor which can-
eels t h e  back emf vo l t age .  Assume t h a t  
t h e  vo l t age  t o  t h e  motor has a n o i s e  

~ i , , . ,~  component of 10 s i n  a t  superimposed on 
t h e  d . c .  s i g n a l  ( ske tch  ( e ) ) .  I f  t h e  
vo l t age  t o  t h e  motor i s  l i m i t e d  t o  ?15V, 
t h e  average v o l t a g e  t o  t h e  motor i s  
+5 V .  I f  t h e  v o l t a g e  t o  t h e  motor i s  

Sketch (e) l i m i t e d  t o  ? l o  V ,  t h e  average s i g n a l  t o  
t h e  motor i s  l e s s  t h a n  5 V.  Since t h e  

d.c .  motor responds t o  t h e  average s i g n a l ,  t h e  motor r e q u i r e s  +5 V average f o r  
t h e  system t o  be a t  equ i l ib r ium.  Therefore ,  t h e  p o i n t i n g  e r r o r  must i n c r e a s e  
u n t i l  an average of  +5 V i s  being t r a n s m i t t e d  t o  t h e  motor. 

The n o i s e  on t h e  c o n t r o l  v o l t a g e  does n o t  i n f l u e n c e  t h e  p o i n t i n g  accuracy 
o f  t h e  system i f  i t s  magnitude i s  n o t  l i m i t e d .  However, i f  t h e  no i sy  s i g n a l  
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i s  l i m i t e d ,  t h e  p o i n t i n g  accuracy becomes poore r .  The effect  of t h e  n o i s e  
can be reduced by in t roduc ing  a high frequency f i l t e r  p r i o r  t o  t h e  lead n e t 
work. The break f r equenc ie s  chosen f o r  t h e  l a g  network were found to s l i m i 
n a t e  some o f  t h e  high frequency n o i s e  b u t  no t  i n f l u e n c e  system s t a b i l i t y .  

Large Angle Resu l t s  

Both t h e  a n a l y t i c  s tudy  and t h e  s imula t ion  r e s u l t s  i n d i c a t e  t h e  behavior  
of t h e  system with t h e  p a r t i a l  p rocesso r  i s  q u i t e  adequate f o r  small ang le s .  
The l a r g e  ang le  maneuvers were made f o r  a few of t h e  many p o s s i b l e  i n i t i a l  
cond i t ions .  The cond i t ions  were, i n  g e n e r a l ,  randomly chosen bu t  i n  some 
i n s t a n c e s  were chosen s o  t h a t  t h e  system would o p e r a t e  i n  the  more seve re  
r eg ions .  The s imula t ion  runs should p rov ide  an i n d i c a t i o n  of how well  t h e  
p a r t i a l  p rocesso r  will c o n t r o l  t h e  s a t e l l i t e  through l a r g e r  ang le s .  

Large ang le  s l u e - A number of l a r g e  ang le  r e o r i e n t a t i o n s  were made on t h e  
s imula to r  t o  show t T e b e h a v i o r  o f  t h e  system us ing  t h e  p a r t i a l  p rocesso r .  The 
r e s u l t s  o f  one r e o r i e n t a t i o n  a r e  shown i n  f i g u r e  13. The i n i t i a l  system momen
tum i s  zero;  t h a t  i s ,  t h e  i n i t i a l  wheel speeds as wel l  as i n i t i a l  t a b l e  rates 
are zero.  The i n i t i a l  and commanded gimbal ang le s  are given i n  t a b l e  2 with 
t h e i r  corresponding Euler  ang le s .  The ga ins  and compensator time cons t an t s  
a r e  a l s o  given i n  t h e  t a b l e .  

TABLE 2 . - DATA FOR FIGURE 13 
a1  Y 1  82 Y, + 0 + 

I n i t i a l  30.8 18.9 9.5 36.4 -5.0 +5.0 +72.0 

Command -19.8 28.2 31.0 28.4 +5 .0  -5.0 +20.0 

Kc = -4700 ; dl ,  = 1 . 0  ; T1 = 4.55 ; T2 = 0.455 ; TL = 0 . 2 2  

A comparison o f  t h e  i n i t i a l  and f i n a l  Euler  ang le s  i n d i c a t e s  t h a t  t h e  
major component o f  t h e  maneuver i s  about t h e  yaw a x i s .  I t  i s  observed from 
f i g u r e  13 t h a t  t h e  l i n e a r  e s t i m a t e  o f  t h e  e r r o r  (A+, A@, A + )  i s  d r iven  from 
i t s  i n i t i a l  va lue  t o  zero.  The system does overshoot b u t  i s  wel l  behaved. 

The p o i n t i n g  accuracy of t h e  system, as p rev ious ly  i n d i c a t e d ,  i s  
in f luenced  by no i sy  c o n t r o l  v o l t a g e s  i f  t h e  s i g n a l s  a r e  l i m i t e d .  The motor 
v o l t a g e  s a t u r a t i o n  l e v e l  was reduced f o r  t h e  l a r g e  angle  r e o r i e n t a t i o n s  t o  
i n s u r e  t h e  t a b l e  r a t e  would not  exceed t h e  t r a c k i n g  r a t e  of t h e  s t a r  t r a c k e r s .  
Since t h e  l i m i t i n g  i s  now more seve re ,  t h e  n o i s e  on t h e  motor v o l t a g e s  has a 
more dramatic e f f e c t .  Consequently, t h e  p o i n t i n g  e r r o r  f o r  t h e  run was 0.18".  
(The p o i n t i n g  e r r o r  i n  t h i s  i n s t a n c e  i s  t h e  v e c t o r  sum of t h e  i n d i v i d u a l  
e r r o r s  about each c o n t r o l  a x i s . )  This  p o i n t i n g  e r r o r  could have been reduced 
by i n c r e a s i n g  t h e  s a t u r a t i o n  l i m i t s  as t h e  system approached t h e  equ i l ib r ium 
p o i n t .  

t h e  r e s t r i c t e d  region- The a c t u a l  p a t h  of r o t a t i o nSystem behavior  n e a r-_-__
i s  more d i f f i c u l t  t o  p r e d i c t  f o r  l a r g e  angle  r e o r i e n t a t i o n s .  I t  i s  t h e r e f o r e  
more d i f f i c u l t  t o  i n s u r e  t h a t  t h e  response t r a j e c t o r y  w i l l  no t  e n t e r  t h e  
r e s t r i c t e d  r eg ion .  One might a s k  t h e  fol lowing ques t ions :  "Could t h e  p a r t i a l  
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processo r  be used t o  c o n t r o l  t h e  system i n  and through t h e  r e s t r i c t e d  region? 
How i s  t h e  behavior o f  t h e  system a f f e c t e d  i f  t h e  r eg ion  of r e s t r i c t e d  opera
t i o n  i s  p e n e t r a t e d  during t r a n s i t i o n  from t h e  i n i t i a l  t o  t h e  commanded p o s i 
t i o n  ( see  sketch (b) - t r a j e c t o r y  a ) ?  Does t h e  system respond s a t i s f a c t o r i l y  
when t h e  i n i t i a l  and commanded p o s i t i o n s  a r e  on oppos i t e  s i d e s  of t h e  
r e s t r i c t e d  r eg ion  (sketch (b) - t r a j e c t o r y  b)?" The fol lowing cond i t ions  were 
i n v e s t i g a t e d :  (1) t h e  i n i t i a l  and commanded p o s i t i o n s  on t h e  same s i d e  of t h e  
r e s t r i c t e d  r e g i o n ;  (2)  t h e  i n i t i a l  p o s i t i o n  wi th in  t h e  r e s t r i c t e d  r eg ion ;  
( 3 )  t h e  i n i t i a l  and commanded p o s i t i o n s  on oppos i t e  s i d e s  of t h e  r e s t r i c t e d  
r eg ion .  

The system behaves s a t i s f a c t o r i l y  when t h e  i n i t i a l  cond i t ions  are o u t s i d e  
%he r e s t r i c t e d  r eg ion  (same s i d e  as command) r e g a r d l e s s  of whether o r  no t  t h e  
response t r a j e c t o r y  e n t e r e d  t h e  r e s t r i c t e d  region. However, a t  t h e  i n d e t e r 
minant cond i t ion ,  a t t i t u d e  information about an a x i s  pe rpend icu la r  t o  t h e  
plane formed by t h e  l i n e s  o f  s i g h t  t o  t h e  two s ta rs  i s  no t  a v a i l a b l e  from t h e  
gimbal angle  measurements. Thus, t h e  system does no t  respond t o  an e r r o r  
about t h i s  a x i s .  An e x t r a p o l a t i o n  of t h i s  r e s u l t  imp l i e s  t h a t  t h e  component 
of system response p a r a l l e l  t o  t h e  p l ane  of indeterminancy i s  t h e  most c r i t i 
c a l  maneuver nea r  t h e  r e s t r i c t e d  r eg ion .  This  component of response becomes 
l e s s  c r i t i c a l  a s  t h e  system ope ra t ion  occurs  f u r t h e r  away from t h e  indetermi
nan t  c o n d i t i o n .  J u s t  how f a r  from t h e  indeterminant  cond i t ion  t h e  system 
must ope ra t e  t o  behave s a t i s f a c t o r i l y  depends on t h e  q u a l i t y  of t h e  star 
t r a c k e r s .  With good q u a l i t y  s ta r  t r a c k e r s ,  t h e  p r e s e n t  r e s t r i c t e d  r eg ion  
(80" < l y l c  - y2,-I < 100") might be l a r g e  enough. However, i f  t h e  t r a c k e r  
q u a l i t y  i s  poor ,  t h e  magnitude of t h e  region may have t o  be inc reased .  

-

Restricted region 

Sketch ( f )  

The system a l s o  responded s a t i s f a c 
t o r i l y  when t h e  i n i t i a l  p o s i t i o n  was 
i n s i d e  t h e  r e s t r i c t e d  r eg ion .  The com
manded gimbal ang le s  were chosen so t h a t  
t h e  equ i l ib r ium p o i n t s  a r e  13" away from 
t h e  indeterminant  cond i t ion ;  t h a t  i s ,  
l y l c  - y21 = 77" o r  103". The i n i t i a l  
cond i t ions  were chosen s o  t h a t  t h e  
system s t a r t e d  a t  t h e  indeterminant  con
d i t i o n .  When d,, > 0 ,  t h e  system s t a b i 
l i z e d  a t  e l  (sketch ( f ) ) .  When 
d12 < 0 ,  t h e  system s t a b i l i z e d  a t  e2 
i n  t h e  r eg ion  (yl - y2) > 90". Since t h e  
i n i t i a l  and commanded ang le s  were t h e  
same f o r  t h e  above two r u n s ,  t h e  examples 
c l e a r l y  show t h e  m u l t i p l e  equ i l ib r ium 
p o i n t s ,  and t h e  s a t i s f a c t o r y  response 
when ope ra t ion  begins  i n  t h e  indetermi
nan t  r eg ion .  

The behavior of t h e  system i n  t r a v e r s i n g  t h e  r e s t r i c t e d  r eg ion  was a l s o  
i n v e s t i g a t e d .  Here t h e  command angles  were chosen so  t h a t  t h e  two equi l ibr ium 
p o i n t s  ( e l ,  e2)  are about 17" from t h e  indeterminant  cond i t ion .  The p o i n t s  1, 
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... 

2,  and 3 r e p r e s e n t  p o s s i b l e  i n i t i a l  
cond i t ions  (sketch ( g ) ) .  The com
manded gimbal angles  are B l c  = -0.1",  
y l c  = 9 0 . 8 " ,  and BZc = 39.0".  If 
d12 > 0 ,  t h e  command corresponds t o  a 
s t a b l e  equ i l ib r ium p o i n t  e2 a t  
(+ = 0 ,  0 = 0,  + = 40.3") and .an  
u n s t a b l e  equ i l ib r ium p o i n t  e l  a t  
(4  = 0 ,  0 = 0,  $ = 73.3") .  The inde-

J/ 	 terminant  cond i t ion  occurs  a t  (@I= 0,  
e = 0 ,  J, = 57" ) .  The i n i t i a l  wheel 
speeds as w e l l  as t a b l e  angular  r a t e s  
a r e  ze ro .  The behavior of t h e  system

...... 


... 7 - Y* > g o o  whose i n i t i a l  cond i t ion  corresponds 
j : : 
...... 
j . ;  j ;  "1; ;; ; i  ;;j t o  p o i n t  1 and commanded p o s i t i o n  
....... ............... corresponds t o  e2  i s  shown i n  f i g -

Sketch (g) u r e  1 4 .  Although t h e  system i s  d r i v 
i n g- toward t h e  d e s i r e d  equ i l ib r ium 

p o i n t ,  one observes t h a t  t h e  vo l t age  from t h e  p a r t i a l  processor  i n  t h e  yaw 
d i r e c t i o n  (E ) i n c r e a s e s  u n t i l  t h e  system passes  through t h e  indeterminant  
cond i t ion .  ?%e v o l t a g e  then decreases  t o  zero.  Since t h e  vo l t age  must go t o  
zero a t  each equ i l ib r ium p o i n t ,  an extremum between t h e  p o i n t s  i s  expected. 
The occurrence of t h e  indeterminant  cond i t ion  can be determined by observing 
t h e  gimbal angle  response t r a c e s  ( a l ,  y l ,  B2,  y,) and no t ing  when 
I Y 1  - Y21 = 90". 

The t r a c e  o f  t h e  Euler  angle ( e )  i n d i c a t e s  t h a t  t h e  system p i t c h e s  t o  -6" 
and then  r e t u r n s  t o  zero as t h e  system approaches t h e  equ i l ib r ium p o i n t .  This  
behavior occurs because the  p i t c h  a x i s  i s  almost p a r a l l e l  t o  t h e  a x i s  perpen
d i c u l a r  t o  t h e  indeterminant  plane during t h e  maneuver. Therefore ,  very 
l i t t l e  a t t i t u d e  information e x i s t s  about t h e  p i t c h  a x i s  and t h e  observed 
motion i s  expected.  Also,  t h e  momentum i n c r e a s e  i n  t h e  r o l l  motor (WR1) i n d i 
c a t e s  t h e  e x i s t e n c e  o f  an undes i r ab le  to rque .  (The response o f  t h e  system 
with i n i t i a l  p o s i t i o n  a t  p o i n t  2 i s  a l s o  shown i n  ske tch  ( g ) . )  

The behavior of t h e  system s t a r t i n g  a t  3 (sketch (g))  and commanded t o  
d r i v e  t o  e2  could no t  be s imulated on t h e  a i r  bea r ing  t a b l e  because t h e  t a b l e  
motion i s  so  l a r g e  t h a t  t h e  t r a c k e r s  t r a n s l a t e  ou t  of  t h e  12-inch s t a r  bundle.  
Therefore ,  t h e  c o n d i t i o n  was s imulated on t h e  d i g i t a l  computer. The i n i t i a l  
a t t i t u d e  of t h e  t a b l e  i s  $I = 0" ,  0 = 0 " ,  tj~ = 80". Also, t h e  i n i t i a l  wheel 
speeds and t a b l e  ra tes  a r e  zero.  The r e s u l t s  show t h a t  t h e  t a b l e ,  as expected, 
i n i t i a l l y  d r i v e s  away from t h e  uns t ab le  equ i l ib r ium p o i n t  e l  (sketch ( g ) ) .  
The system then  begins  t o  maneuver around e l ,  pas ses  through t h e  r e s t r i c t e d  
r eg ion ,  and s t a b i l i z e s  a t  e2. The p i t c h  and yaw Euler  ang le s  a r e  measured 
along t h e  r e c t a n g u l a r  coordinate  system i n  t h e  ske tch .  Although t h e  system 
d i d  d r i v e  t o  t h e  d e s i r e d  p o s i t i o n ,  t h e  response t r a j e c t o r y  i s  undes i r ab le .  
Opera t iona l ly ,  a more d e s i r a b l e  maneuver would be t o  command t h e  system t o  
f i r s t  d r i v e  t o  p o i n t  1 and then command e2.  

16 




CONCLUSIONS 

Three methods o f  p rocess ing  t h e  s tar  t r a c k e r  gimbal ang le  measurements t o  
d e r i v e  a t t i t u d e  c o n t r o l  s i g n a l s  f o r  a s a t e l l i t e  were s imulated with a c t u a l  
s p a c e c r a f t  type hardware. The t h r e e  methods are c a l l e d  t h e  i d e a l ,  p a r t i a l ,  
and cons t an t  p rocesso r s .  The i d e a l  p rocesso r  i s  t h e  mechanization of t h e  
f i r s t - o r d e r  approximation o f  t h e  exac t  non l inea r  equa t ions .  The p a r t i a l  and 
cons t an t  p rocesso r s  are s i m p l i f i c a t i o n s  o f  t h e  i d e a l .  The r e s u l t s  of t h e  
s imula t ion  f o r  small-angle  commands are as fo l lows :  (1) The system us ing  each 
processor  performed as p r e d i c t e d  by t h e  p r i o r  t h e o r e t i c a l  s tudy.  (2)  I n i t i a l  
momentum about t h e  a x i s  of r o t a t i o n  could adve r se ly  a f f e c t  t h e  t r a n s i e n t  behav
i o r .  I t  would be advantageous t h e r e f o r e  t o  inc lude  t h e  ine r t i a -whee l  speed 
information i n  t h e  c a l c u l a t i o n  of t h e  a t t i t u d e  c o n t r o l  s i g n a l s .  ( 3 )  Noise i n  
t h e  c o n t r o l  loop (not generated by t h e  p rocesso r s  could adve r se ly  a f f e c t  t h e  
s t e a d y - s t a t e  p o i n t i n g  e r r o r .  If t h e  magnitude of t h e  n o i s e  i s  l i m i t e d  by t h e  
s a t u r a t i o n  type n o n l i n e a r i t y  and d i r e c t  c u r r e n t  motors are used,  t h e  p o i n t i n g  
e r r o r  i n c r e a s e s .  (4) An e r r o r  i n  measuring t h e  gimbal ang le s  could cause a 
cons ide rab le  s h i f t  i n  t h e  equ i l ib r ium p o s i t i o n .  Under normal c o n d i t i o n s ,  t h e  
magnitude of t h e  e r r o r  i n  gimbal measurement and t h e  magnitude of t h e  s h i f t  i n  
equ i l ib r ium p o s i t i o n  a r e  approximately equa l .  However, if t h e  system i s  
o p e r a t i n g  nea r  t h e  indeterminant  cond i t ion ,  t h e  s h i f t  i n  t h e  equ i l ib r ium 
p o s i t i o n  could be f i v e  t o  t e n  t imes as l a r g e  as t h e  e r r o r  i n  t h e  measurement. 

The l a r g e  angle  r e s u l t s  showed t h e  fol lowing:  (1) The system us ing  t h e  
p a r t i a l  processor  s t a b i l i z e d  t h e  a i r - b e a r i n g  t a b l e  f o r  r e o r i e n t a t i o n s  as l a r g e  
as 55". (2 )  Although t h e  t a b l e  cannot be s t a b i l i z e d  i n  t h e  r e s t r i c t e d  r e g i o n ,  
t h e  system with t h e  p a r t i a l  p rocesso r  might be used t o  maneuver t h e  t a b l e  
through t h e  region.  

Ames Research Center 
Nat ional  Aeronautics and Space Adminis t ra t ion 

Moffett  F i e l d ,  C a l i f . ,  94035, blarch 11, 1970 
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APPENDIX 

SIMULATION EQUIPMENT 

The a t t i t u d e  c o n t r o l  system was s imula t ed  by means o f  a S a t e l l i t e  
A t t i t u d e  Control  Simulator  (SACS) and a d i g i t a l  and analog computer. The 
SACS ( f i g .  2)  i n c l u d e s  an a i r  bea r ing  t a b l e  t h a t  s imula t e s  t h e  s a t e l l i t e .  Two 
gimbaled s tar  t r a c k e r s  which provide a t t i t u d e  information and t h r e e  r e a c t i o n  
wheels which p rov ide  t h e  c o n t r o l  t o rque  are mounted on t h e  t a b l e  ( f i g .  3 ) .
The d i g i t a l  and analog computers a r e  used t o  mechanize t h e  p rocesso r s  and t h e  
p a s s i v e  lead networks ( f i g .  1 ) .  The d i g i t a l  and analog computers are no t  
r e q u i r e d  t o  mechanize t h e  c o n t r o l  scheme b u t  are used as a matter o f  
convenience. 

The a i r  b e a r i n g  t a b l e  i s  shown i n  f i g u r e  2 .  The t a b l e  has  +29" of motion 
i n  both p i t c h  and r o l l  and un l imi t ed  motion i n  yaw. With t h e  equipment used 
f o r  t h e  s imula t ion ,  t h e  r o l l ,  p i t c h ,  and yaw i n e r t i a s  of t h e  t a b l e  were 196, 
196, and 244 newton-meters2 (145, 145, and 180 s l u g - f t 2 ) ,  r e s p e c t i v e l y .  The 
two s t a r  t r a c k e r s  and t h e  yaw-motor-inertia wheel are mounted on t h e  t a b l e  as 
shown i n  f i g u r e  3 .  The p i t c h - and r o l l - m o t o r - i n e r t i a  wheel combinations a r e  
s i m i l a r l y  mounted b u t  a r e  concealed i n  t h e  f i g u r e .  

The two s tar  t r a c k e r s  are mounted on t h e  t a b l e  with t h e i r  o u t e r  gimbal 
axes p a r a l l e l  t o  t h e  r o l l  a x i s  o f  t h e  t a b l e  ( f i g .  3 ) .  As i n d i c a t e d  i n  r e f e r 
ence 1, t h i s  arrangement i s  r equ i r ed  t o  p rov ide  t h e  s imples t  processor  t o  
mechanize. The n u l l  p o s i t i o n  of t r a c k e r  number 1 occurs  when i t s  o p t i c a l  a x i s  
i s  p a r a l l e l  t o  t h e  t a b l e  top  and pe rpend icu la r  t o  t h e  ou te r  gimbal a x i s .  The 
n u l l  p o s i t i o n  of t r a c k e r  number 2 occurs  when t h e  o p t i c a l  a x i s  i s  perpendic
u l a r  t o  t h e  t a b l e  top .  Both gimbal axes of t r a c k e r  2 and t h e  inne r  gimbal of 
t r a c k e r  1 are f r e e  t o  move through + S O 0 .  The o u t e r  gimbal a x i s  o f  tracker 1 
i s  f r e e  t o  move through more than t 9 0 ° .  Each tracker can t r a c k  t h e  s ta r  f o r  
rates t o  a maximum of 0.7S0/sec.  The gimbal angle  readout  device i s  a 
r e s o l v e r  with an accuracy of 510 minutes of arc. 

The s t a r  t r a c k e r s  p o i n t  a t  s imulated s ta rs  t h a t  a r e  mounted i n  b racke t s  
i n s i d e  t h e  vacuum chamber ( f i g .  2 ) .  The s imulated s t a r s  have 3 c1e:ir apcrtu1.c 
of 1 2  inches and provide a l i g h t  source co l l ima ted  -Lo within i 5  seconds  oi' a r c  
r e l a t i v e  t o  t h e  o p t i c a l  a x i s .  The apparent  s ta r  magnitude can be ad jus t ed  
from -2  t o  +6.5.  

Three mutual ly  orthogonal motor- iner t ia-wheel  comb ina t  i o n s  con t ro l  t h e  
a t t i t u d e  o f  t h e  t a b l e .  'The d i r e c t  c u r r e n t  motors have a time constant  o f  
approximately 35 seconds and a maximum angular  v e l o r i t y  o f  311, r a d i a n s  p e r  
second. The i n e r t i a  of t h e  motor-armature- i n e r t  i ;I wheel coi.al)inst i o n  is  
0.019 newton-meters2 (0.014 s l u g - f t ' )  . The motor a n g u l a r  v e l o c i t y  can be 
determined from tachometer output s i g n a l s .  

Analog s i g n a l s  from t h e  t a b l e  s u c h  n.s s t a r  t r a c k e r  gimbal ang le s ,  motor 
angular  r a t e s ,  and t a b l e  angular  r a t e s  a r e  t r a n s m i t t e d  from t h e  a i r  bear ing 
t a b l e  t o  t h e  d i g i t a l  computer where they a r e  converted t o  d i g i t a l  form. The 
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measured gimbal ang le s  are compared wi th  t h e  commanded gimbal ang le s  t o  form 
gimbal ang le  e r r o r s .  The gimbal e r r o r s  are passed  through t h e  processors  t o  
o b t a i n  an estimate of t h e  e r r o r  as measured about t h e  con t ro l  axes .  The c a l 
c u l a t i o n  r a t e  f o r  t h e  e s t ima ted  e r r o r s  (30 t imes a second) has  a n e g l i g i b l e  
i n f l u e n c e  on t h e  c o n t r o l  system behavior .  The s i g n a l s  a r e  converted from 
d i g i t a l  t o  analog form, passed through a lead network on an analog coinputer, 
and l i m i t e d  b e f o r e  being r e t u r n e d  t o  t h e  motors on t h e  t a b l e .  
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Commanded g imbal  angles 
( P I ,  9 YlC 9 P 2 c )  

Figure 1.- Attitude control system. 
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Figure 2 . - S a t e l l i t e  a t t i t u d e  cont ro l  s imula tor .  



Figure 3 .  - Air-bear ing  t a b l e  wi th  equipment. 
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Figure 4 . - S t a r  t r a c k e r  arrangement and gimbal angle i l l u s t r a t i o n .  
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Figure 5.- Analytic model of attitude control system. 




Figure 6 . - I l l u s t r a t i o n  showing when indeterminant  condi t ion  would occur .  
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Figure 7 . - Transient  response of  system using idea l  processor  with zero i n i t i a l  momentum. 
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Figure 8 . - Transient  response o f  system using p a r t i a l  processor  with zero i n i t i a l  momentum. 
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Figure 1 0 . - Behavior o f  system us ing  each processor  t o  mul t iax is  e r ror  with zero i n i t i a l  momentum. 
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Figure 11.- Effec t  o f  i n i t i a l  momentum on system behavior using t h e  i d e a l  processor .  
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Figure 1 2 . - Point ing e r r o r  f o r  system using i d e a l  processor .  
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Figure 13.- Large angle reorientation using partial processor with zero initial 

momentum. 


33 
. .  



1000 -

WRI ,rpm 0 c 
-1000 -I I I I I I I 

1000 -


W R 2  , r pm O J 

-1000 -' I I I I I I 

1000 


-50 -I I I I I I I 

5 0  -


P2,deg 0 

-50 -' I I I I I I 

0 40 80 120 160 200 240 


Time,sec 

Figure 13.- Large angle  r e o r i e n t a t i o n  us ing  p a r t i a l  p rocesso r  w i th  zero i n i t i a l  
momentum - Concluded. 
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Figure 1 4 . - Reor i en ta t ion  through r e s t r i c t e d  reg ion  us ing  p a r t i a l  p rocesso r  
with zero i n i t i a l  momentum. 

35 




1000 -

WRI ,rpm 0 9 

-1000 -1 I I I I I 

1000 -


WR2,rpm 0 

-1000 -I 
I I I I I 


1000 -

W R3,rpm 

-1000 -' I I I I I 


50 


-50 -I I I I I I 


125 -

I 


-50 - I  I I I I I 


5 0  


-50 -I I I I I I 


0 40 80 120 160 200 

Time ,sec 


Figure 14.- Reor i en ta t ion  through r e s t r i c t e d  r eg ion  us ing  p a r t i a l  p rocesso r  
wi th  zero i n i t i a l  momentum - Concluded. 
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